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(71) We, OWENS-ILLINOIS, INC., 
a corporation organised and existing iinder the 
laws of the State of Ohio, United States of 
America, of Toledo, State of Ohio, United 

5 States of America, do hereby declare the in- 
vention, for which we pray that a patent may 
be granted to us, and the method by which 
it is to be performed, to be particularly des- 
cribed in and by the following statement: — 

10 The present invention relates to the elec- 
trodeposition of enzymes. 

Enzymes are biologically active proteins 
which catalyze specific reactions. Enzymes 
have been used for a wide variety of Indus- 

15 trial and research appUcations, particularly in 
fermentation, pharmaceuticals, medical re- 
search, and food processing. They are highly 
specific in their biological activity and gener- 
ally do not generate significant quantities of 

20 undesirable by-products. 

Recently attempts have been made to 
chemically or physically immobilize enzymes 
on various supports in the interest of efficient 
recovery and reuse. In the past, enzymes have 

25 been immobilized by anachment to inorganic 
supporting matrices by covalent coupling, ad- 
sorption, and ionic bonding. Covalent coupling 
of enzymes to water insoluble supports have 
been intensively investigated. Most of the sup- 

30 ports have been organic polymers although 
recent reports have appeared where coupling 
agents have been used to attach enzymes to 
ceramic materials. For instance, U.S. Patent 
3,519,538 describes the use of silane coupling 

35 agents to attach enzymes to inorganic supports 
such as glass or alumina. 

Adsorpdon of enzymes to water insoluble 
supports, whether organic or inorganic, has 
been the simplest insolubilization technique. It 

40 has been attraaive because it requires merely 
exposing the enz>Tne in solution to the sup- 
port material. The case of adsorption, how- 
ever, is offset by the corresponding ease of 
desorption. U.S. Patent 3,556,945 discloses 

45 one technique for adsorption of enzymes to 
porous glass supports. 
Another technique involves bonding the 
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enzyme to the support in the presence of sub- 
strate and thus apparently blocking the active 
sites of the enzyme to avoid reaction of these 50 
sites with the support. Powdered glass and alu- 
mina are used for these applications in U.S. 
Patent 3,666,627. 

Further details on such prior art techniques 
can be found in the book entitled "Biochemical 55 
Aspects of Reactions on Solid Supports", 
edited by George R. Stark, Academic Press, 
New York, N.Y. (1971); the article entitled 
"Enzymes Immobilized on Inorganic Carriers" 
by H. H. Weetall appearing in Research/ 60 
Development, December (1971); the article 
entitled "The Potential Applications of Mole- 
cular Inclusion to Beer Processing" by R. A. 
Messing appearing in the December 1971 issue 
of the Brewer's Digest; U.S. Patents 65 
3,512,987 and 3,167,485, 

More recendy, S. S, Wang and W. R. Victh 
have proposed electrically codepositing bio- 
logically aaive collagen-enzyme membranes 
in the publication entitled Biotechnol. and 70 
Bioeng. 15 at pages 93—115 (1973). A col- 
lagen dispersion containing soluble enzyme is 
electrodeposited and then recovered as a film. 

Whil^ the discovery and the issue of im- 
mobilized enzymes in membrane fonn has 75 
alleviated many of the disadvantages inherent 
in granular immobih'zed enzyme systems, the 
preparation of such membranes has heretofore 
been relatively time-consuming. Furthermore, 
such techniques are not readily adopted to the 80 
formation of shaped, integral rugged mem- 
branes for pressurized flow-through reaction 
cells. 

A need exists, therefore, for a process of 
preparing biologically active, fluid permeable * 85 
composite membranes in various geometrical 
configurations which are porous, strong and 
dimensioniUy stable so that they are capable 
of effecting enzyme reactions in a flow-through 
rcaaion chamber. The present invention pro- 90 
vides such membranes. , 

Bafically, the prccentinvoTtion involves pre- 
paring an aqueous dTspcrsion (as defined 
hereinafter) of an active enzyme adjusting 
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the pH thereof away from the isoelectric point 
so that the enzyme becomes electrically charged 
and elcctrodepositing the enzyme onto an inert, 
inorganic, porous, sorptive, dimensionaUy 
5 stable, fluid permeable, supporting matrix to 
forai a fluid pcmeable biologically active 
composite membrane. 

In carrying out the present invention, ionic 
enzyme spedes in an aqueous dispersion are 
10 inmiobilized on an inert, porous, inorganic, 
fluid permeable, dimensionaUy stable, support- 
ing matrix. The driving force for this deposi- 
tion is provided by the application of a D.C. 
potential difference between two electrodes im- 
15 mersed in the ionized etizyme dispersion 
wilih the porous matrix interposed in the 
electrical path between the electrodes so that 
it impedes the migration of ionic enzyme 
species to an oppositely charged elearodc. 
20 One electrolytic cell which meets this re- 
quirement uses the porous matrix as a divider 
between two halves of an elearolytic cell with 
enzyme dispersion on one side and an other- 
wise identical non-enzyme containing dispcr- 
25 Mon on the other such that solvent and dis- 
solved salts and any acid or base present can 
freely pass through the matrix, but enzyme 
flow will be inhibited and enzyme thereby de- 
posited on the matrix. A variety of other cells 
30 am be employed for accomplishing the de- 
sired elearodeposition. 

A particularly useful apparatus for the elec- 
trodeposition technique of this invention is a 
modified (i.e.j modified to include a porous 
35 matrix of the kind specified positioned in the 
electrical path between the electrodes) electro- 
phoretic mass-transport analyzer, the funda- 
mentals of which are described by Sennett and 
Olivier in Engineering Chemistry (Vol. 57, 
40 August 19v^5, pp. 32—50) and in U.S. Patent 
No. 3,208,919. 

Enzymes are complex polypeptides and 
have amino and carboxyl functionality in their 
molecular structure. Such amino and carboxyl 
45 groups arc capable of causing elearical migra- 
tion of the enzyme in aqueous dispersion 
thereof. Enzymes migrating imder the influ- 
ence of the carboxyl migrate to the anode, 
while enzymes migrating under the influence 
50 of the amino groups go toward the cathode. 

Any enzyme capable of carrying electrical 
charge in aqueous dispersion can b« used, in- 
cluding a wide variety of enzymes which may 
be classified under three general headings: 
55 hydrolytic enzymes, redox enzymes, and trans- 
ferase enzymes. The first group, hydrolytic 
enzymes, include proteolytic enzymes whidi 
hydrolyze proteins, e.g., papain, ficin, pepsm, 
trypsin, chymotrypsin, bromelin, keratinasc; 
60 carbohydrases which hydrolyze carbohydrates, 
e.g., cellulase, amylase, maltase, pectinase, 
chitanase; esterases which hydrolyze esters, 
e.g., lipase, cholinesterase, lecithinasc; aUcaline 
and acid phosphatases; nucleases which 
65 hydroh'zc nucleic acid, e.g., ribonuclcasc, de- 



soxyribonucleasc; and amidases which hydro- 
lyze amines, e.g. arginase, asparaginase, glut- 
aminase, histidasc, and urease. The second 
group arc rcdox enzymes that catalyze oxida- 
tion or reduction reactions. These include 70 
glucose oxidase, xanthine oxidase, catalase, 
peroxidase, lipoxidase, and cytochrome re- 
ductase. In the third group are transferase 
enzymes that transfer groups from one mole- 
cule to another. Examples of these arc glut- 75 
arm'cpyruvic transaminase, glutamic-oxalacetic 
transaminase, transmcthylase, phosphopyruvic 
transphosphorylase. It should be noted that 
the enzyme can be used alone or in com- 
bination with other enzymes. 80 

Insofar as an enz>Tne is a protein, it has a 
net electrical charge at a pH on either side 
of its isoelectric point and will migrate under 
the influenct of an electric field. Insofar as 
some enzymes may be rather impure, it is 85 
not known whether they all form true solu- 
tions in water. Accordingly, the term disper- 
sion is used to include solutions, suspensions 
and emulsions of enzymes that are capable 
of electrically migrating. 90 

The composition of the inorganic support- 
ing matrix is not particularly cridcal as long 
as it is inert, dimensionaUy stable, and suflS- 
ciently porous to be fluid permeable and sorp- 
tive enough to retain enough enzyme to foim 95 
a biologically active composite membrane. In 
the commercially significant embodiments of 
the present invention, the biologically active 
composite membrane will exhibit at least 0.001 
International Units (I.U.) of aaivity per cubic 100 
centimeter of membrane. . 

An International Unit of biological activity 
has been defined as the amount of active 
enzyme which converts substrate to product at 
the rate of one micromole per minute. 105 

It has been found that porous matrices 
having a volume porosity in the range of 10% 
to 80% and preferably in the range of 15 — 
50% are quite suitable for the present pur- 
poses. The pore size of the support is critical 110 
in that it should not be so smaJl as to prevent 
immobilization of the clectrolytically migrat- 
ing enzyme thereon or inhibit fluid perme- 
ability in the resulting biologically active 
membrane. Average pore size diameters in the 115 
range of 0.01 micron to 10 microns arc suit- 
able for most applications with 0.01 to 2 being 
preferred for efficiency and economy. 

The porous support can be formed by com- 
pacting and sintering refraaory ceramic oxide 120 
powders such as alumina powder, zirconia 
powder, magnesia powder, silida powder, 
thoria powder, glass powder, powdered clay, 
and powdered talc. 

Porous, inert, rigid, dimensionaUy stable re- 125 
fraaory supports can be prepared by com- 
paaing such refractory oxide powders to form 
a "green compaa" of the desired configura- 
tion. The green compacts are then fired for 
a time and at a temperature suflicicnt for 130 
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sintering to yield a poroiis, inert, rigid, dimcn- 
sionally stable, fluid peimeable, refractory sup- 
port. The sintering should not be at a tem- 
perature or for a time which would cause 
5 collapsing or coalescence of the particles to 
fonn a non-porous body. A convenient indica- 
tion of the degree of sintering is a comparison 
of the actual density of the fired compact as 
compared to the theoretical density of the 
10 oxide being fired. Of the many oxides which 
can be used for the present purposes, alumina 
is preferred for its chemical durability and 
ease of fabrication. 
In forming the support from the powdered 
15 rcfraaory oxide, the powdered particle size 
is seleaed to yield a sintered compact having 
a porosity and p>ore size in the range set forth 
above. The techniques for compaction and 
sintering of the porous supports are well- 
20 known in the art and form no part of the pre- 
sent invention. Suffice it to say that compact- 
ing pressures in the range of 1,000 p.s.L to 
10,000 p.s.i. and sintering temperatures in the 
range of 1300^ to 1700°C. are commercially 
25 expedient. Additional details on compacting 
and sintering of refractory oxides can be ob- 
tained from the book "Oxide Ceramics" by 
E. Ryshkewitch, published in 1960 by 
Academic Press, New York, New Yoifc 
30 The porous supporting matrix can also be 
in the form of porous 96% silicon glass such 
as is disclosed in the article entitled "Proper- 
ties of Some Vycor-Brand Glasses" by M. E. 
Nordberg appearing at page 299 in Volume 
35 27, No. 10 of the Journal of the American 
Ceramic Society (1944). Other such porous 
glasses are disclosed in U.S. Patents 2,215,039 
and 3,556,945, the disclosure of which are in- 
corporated by reference. 
40 The porous matrix can also be made of 
porous metal such as porous silver or porous 
stainless steel. 

The porous matrix can be in any geometric 
shape such as rod, cylinder, discs, pl^^ bars, 
45 and blocks so long as it can be interposed in 
the electrical path between the electrodes in the 
deposition circuit as will be described below. 

In the electrodeposition of enzyme, a dilute 
aqueous dispersion of enzyme is employed. 
50 The amount of enzyme to be added to the 
aqueous dispersion will depend upon the area 
of the matrix support to be electrically de- 
posited, the degree of activity desired in the 
final membrane, the activity of the enzyme 
55 preparation being used, and the particular 
enzyme material being used. Usually, enzyme 
concentrations in the range of 1X10~*% to 
10% by weight of the aqueous dispersion are 
suitable. The optimal amount for a given 
60 system can be readily determined, because the 
use of too little enzyme will result in a 
membrane of low activity, while the use of an 
excessive amount of enzyme is economically 
wasteful. 

65 Any electrically conduaive material such 



as metal or carbon can be used as the anodes 
and cathodes. Suitable metals include iron, 
stainless steel, zinc, copper, gold, silver, 
platinum, alimiinum, nickel, or other bio- 
chemically inen metals or albys thereof; a 70 
noble metal plated on a base metal; graphite 
or other electroconductivc powders, such as 
grajAite shaped with a binder (e.g., paraffin, 
or synthetic resin). 

The aqueous dispersion of enzyme is ad- 75 
justed to a pH at which the enzyme become 
charged or ionic at the molecular or colloidal 
levels. Accordingly, the pH can be adjusted 
to either side of the range of isoelectric point 
of the enzyme to be deposited. This is easily 80 
accomplished merely by the addition of 
buffers, adds or bases to bring the solution 
to a pH cither above or below the isoelectric 
point. The concentration of electrolytic im- 
purities in the aqueous dispersion is preferably 85 
kept low, because the presence of a high con- 
centration of electrolytes causes excessive cur- 
rent flow which heats the solution and may 
adversely affea the activity of the resulting 
membrane. 90 

The aqueous mixture is then introduced 
into an electrodeposition cell which is pro- 
vided with at least one cathode and at least 
cMie anode. One of these electrodes may be 
the vessel itself, or separate electrodes can be 95 
used. In the former case, of course, the elec- 
trodeposition vessel will be conductive, such as 
a stainless steel flask. 

A D.C electrical potential is then applied 
between the two electrodes to deposit the 100 
membrane on the support. Voltage and cur- 
rent requirements are dependent up<Mi the di- 
mensional parameters of a given cell, such as 
the area of the matrix to be coated, the 
distance between electrodes, the temperatiue, 105 
and the concentratioa of materials and electro- 
lytes in the aqueous mixture. Generally, it is 
preferable to use a relatively low voltage 
supply, such as from about 10 to 600 volts. 
The actual current requirements are quite 110 
small, generally less than one ampere for a 
small membrane. Working at low current flow 
avoids an undesirable increase in temperature, 
which may denature the enzyme. Voltages for 
a given application can be readily detemiined 115 
by simple expcrimenution. 

Temperatures are not critical as long as the 
temperatxire is kept above the freezing point 
of the enzyme dispersion, and below a tem-. 
perature at which the enzyme will become 120 
thermally denatured. Generally, temperatures 
between 0 to 50^C are satisfactory with room 
temperature being a convenient working tem- 
perature. 

The time required for immobilizing the 125 
enzyme on the matrix will vary according to 
the concentration of enzyme, the surface area 
of the matrix being deposited, the tempcra- 
tiirc, and the current being applied. Usually, 
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time periods ranging from 5 minutes to an 
hour are satisfactory. 

The invention will be further described by 
way of example with reference to the accom- 
5 panying drawings wherein ; — 

Fig. 1 is a schematic flow diagram of an 
clectrodeposition cell for use in preparing 
membranes according to the present invention, 
and 

10 Fig. 2 is a schematic pressure reaction cell 
for carrying out en2>Tne reactions using the 
. membrane prepared in Fig. 1. 

Referring now to Figure 1, cell 10 con- 
tains a bath 11 of aqueous dispersion of ion- 

15 izcd enzyme. Immersed in badi 11 are elec- 
trodes 13 and 14 which can be made of metal. 
Electrodes 13 and 14 are connected to a source 
of direct cunent potential which can be a bat- 
tery, rectified alternating current or other 

20 electric power supply which provides a net 
D.C potential. One such power supply can 
deliver voltages up to 600 volts and a current 
in the fractional amp range at load resist- 
ances of up to one mega-ohm. 

25 Immediately adjacent electrode 13 .is 
moimted the inert, inorganic, porous^ sorptive, 
dimensionally stable, fluid permeable, support- 
ing matrix 16, the dimensions of which are 
co-extensive with the confronting dimensions 

30 of the electrode 13. The assembly of the elec- 
trode 13 and matrix 16 is mounted in housing 
15. Housing 15 envelops electrode 13 and 
matrix 16 so that only face 16a of the matrix 
16 is exposed to bath 11. Thus, it is seen that 

35 matrix 16 is interposed in the electrical pajth 
defined between electrodes 13 and 14. 

In some practices of the present invention, 
it may be desired to adapt housing 15 for rota- 
tion or vibration to minimize the detrimental 

40 effects of concentration polarization normally 
associated with electrode reactions. 

When the electrical circuit is completed in 
the illustration of Figure 1, the iomc enzyme 
species migrate towards electrode 13 and ar^ 

45 intercepted and immobilized on matrix 16 to 
form the biologically active composite mem- 
brane. 

The porous supporting matrix 16 is wetted 
on the electrode side with the enzyme solution 

50 before mounting with elearodc 13 in housing 
15 to insure electrical content. It is im- 
portant that a good edge seal be provided 
between electrode 16 and housing 15 to pre- 
vent enzyme from flowing around the matrix 

55 rather than onto the face 16a of the matrix. 
The electrode 13 in direa contact with 
the matrix 16 is made an anode or cathode 
such that charged enzyme molecules will move 
toward it under the electric field. That is, a 

60 charge is applied to this electrode which is 
opposite that on the enzyme. Sufficient D.C 
voltage is applied to the cell to maintain cur- 
rent flow. Currents of 0.10 to 6 milliamps 
for 5 minutes to an hour are typical. 

65 For some enz>Tnes particularly those with 



isoelectric points near pH 7, it is possible to 
impart a positive or neptive Aarge to the 
enzyme by adjustment of the pH without de- 
naturing the enzyme. In this case the elec- 
trode 13 would be made negatively or posi- 70 
tively charged respectively. Under some cir- 
cumstances, a irial-and-error procedure may be 
necessary to establish the optimum set of con- 
ditions for a given enzyme, especially if tbt 
isoelectric point of the enzyme is unknown. 75 

If the enzyme is only stable in a pH range 
which is above its isoelectric point, then a 
positively charged matrix electrode can be 
employed. A negative matrix electrode can 
be used if the converse is true. Thus, this in- 80 
vention is not restriaed to just those enzymes 
having stability in a specific narrow pH range. 

The enzyme reaction using the biologic- 
ally active composite membrane is carried out 
in a conventional pressure reaction cell 20 as 85 
shown in Figure 2. The particular cell em- 
ployed in the examples that follow is an 
Amicon Model 420 high-pressure ultrafiltra- 
tion cell in which the ultrafiltration membrane 
has been replaced by the biologically active 90 
composite membrane 21 prepared according 
to Figure 1. Membrane 21 is sealed into cell 
20 to prevent leakage at the interface there- 
between. This membrane is designated by 
Number 21. Membrane 21 is supported by 95 
inert grid 22 in the form of a stainless steel 
screen so that the membrane will not be dis- 
lodged by the pressure in the cell. 

In the Examples that follow, all parts are 
pars by weight, all percentages are weight per- 100 
cent and all lempcrautres are in ®C. unless 
stated otherwise. 

EXAMPLE 1 
Part A 

Preparation of the Support Matrix 105 

Porous supporting matrices in the form of 
discs are prepared from a fine alumina powder 
having an average particle diameter of about 
1 micron. (Such alumina powder is available 
from Alcoa under the dcsignadon of "A-16")- HO 
A compartion mixture is formed by ball- 
milling 3% polyvinyl alcohol, 1/2% stearic 
acid, 25% H:;0, with the balance being alu- 
mina powder. The polyvinyl alcohol and the 
stearic add serve as compaction aids. The 115 
milled powder is dried at 150°C under 
vaanim. 

The dried alumina powder is then com- 
pacted in a ram press into discs of 3/4 inch 
in diameter and 55 mils thickness under 6,000 120 
p.s,i. The discs weigh about 1 to 1.5 grams 
each. 

The discs are sintered by heating gradually 
to 1,500^, and then maintaining this tem- 
peranire for 2 hours. The discs are then 125 
allowed to cool to room temperature over 
several hours. 

The resulting discs are porous, fluid perme- 
able, rigid, dimensionally stable, and sorp- 
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live. Supporting matrices can also be formed 
in this manner from such refractory materials 
as powdered titania, powdered zirconia, 
powdered thoria, powdered glass, and fine 
5 clay. 

The faces of the resulting sintered discs are 
then ground so that they are siAstantially flat 
and parallel. 

The resulting discs have a porosity of about 
10 20 to 30% with an average pore diameter of 
about 0.1 micron. 

Because of the chemical and thermal 
stability of the alumina support matrix it can 
be reconditioned for reuse, if desired, after 
15 the immobilized enzyme has finally lost most 
of its activity. It is necessary only to place 
the disc in a furnace and heat at 800°C for 
two hours. This serves to remove enzyme and 
other entrapped residual organic materials as 
20 well as to dehydrate and reactivate the sur- 
face of the alumina. Thus, a single alumina 
support can be used repeatedly. 



Part B 

Electrodeposiuon of Enzyme 

25 An electrodeposition cell like the one shown 
in Figure 1 is filled widi an electrodeposition 
bath comprising 120 ml of a 0.1% by weight 
aqueous dispersion of ribonuclease. The pH of 
the solution is adjusted to 7 with sodium 

30 hydroxide. The artivity of the enzyme is 1.1 
International Units (I.U.) per mg, one unit 
being equivalent to the amount of RNase re- 
quired to convert one micromole/minute of 
cytidine 2',3 '-cyclic monophosphoric acid to 

35 cytidine 3 '-monophosphoric add. 

One of the porous alumina discs prepared 
in Part A is mounted in the cell as matrix 16 
and electrodes 13 and 14 arc in the fonn of 
zinc discs of the same size as the alumina 

40 discs. Electrode 13 is made the cathode of the 
cell, A D.C. voltage is applied to initiate a 
current of 1.0 mA between Ae electrodes. The 
voltage is gradually lowered over a 30-minute 
deposition period so that the final current is 

45 0,1 mA to prevent overheating of the bath. 
No external heating or cooling is employed. 
During the 30-minute deposition period, hous- 
ing 15 is rotated at the rate of 30 r.p.m. by 
means not shown in the drawings. At the end 

50 of this deposition period, ritenucleasc has 
been electrodeposiied and immobilized in an 
active form of the porous, alimiina matrix to 
form the fluid permeable, rigid, dimensionally 
stable biologically active composite membrane. 

55 The substrate solution is prepared by dis- 
solving 150 mg of cytidine 2',3 '-cyclic, mono- 
phosphoric acid in 150 ml of water. A 0.02 M 
sodium acetate buffer solution is used to adjust 
the pH to 5.0, The substrate is placed in re- 

60 action cell 20 as shown in Figure 2 and a 
pressure of 300 psi is applied to the substrate 
solution with nitrogen gas from a high pres- 
sure cylinder to force the subsuate solution 



to flow through die biologically active com- 
posite membrane 21. 65 

At a flow rate of 0.08 ml/min, 69% of 
the substrate is converted to product, (i.e., 
cytidine 3 '-monophosphoric add), as deter- 
mined from the increase in optical density of 
the product solution at 290 nm. Sinular results 70 
arc obtained when the porous matrix in the 
above procedures is compaaed and sintered 
from powdered zirconia^ powdered titania, or 
powdered glass into discs having a porosity of 
30% and an average pore diameter of 0.2 75 
nucrons. 

For purposes of comparison a similar porous 
alumina disc is placed in the electrodeposition 
bath described above and allowed to adsorb 
enzyme imder static conditions for several 80 
hours. Using identical assay techniques this 
disc is able to convert only 15% of the sub- 
strate to the product 

Procedure for Determining Enzyme Activity 

It is known that the flow rate of substrate 85 
solution passing through a column of particles 
containing immobilized enzyme has a definite 
effect on the percent conversion that is ob- 
tained. The rate or velocity of the substrate 
conversion has also been found to be depen- 90 
dent upon the flow rate through a porous 
support matrix containing immobilized 
enzymes. Therefore, to reduce the complexity 
of tiie system and calculate a flow rate-inde- 
pendent initial velocity, the procedure now to 95 
be described is employed in the Examples. 

The activity in International Units of the 
enzyme immobilized on the biologically active 
composite membrane is determined from the 
equation 100 

AC 

I.U.= 

1 

Q 

where LU, is activity in micromoles of sub- 
strate converted per minute in the flow through 
reactor of Figure 2 at steady state condi- 
tions, 105 

C is concentration of substrate in micro- 
moles per liter, 

aC is the change in concentration of sub- 
strate upon flowing through the membrane, 
and 110 

Q is flow rate through the membrane in 
liter per minute. 

In the Examples 2 through 8, the LU. are 
deteimined as the slope of a line passing 
through the origin and coincident with the 115 
straight line portion of the plot obtained by 
plotting aC versus 1/Q. 

The substrate concentration changes are 
determined spectrophotometrically from UV 
absorption measurements in the usual manner 120 
at the appropriate wave length for the specific 
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enzyme under consideration except for ex- 
amples involving urease where the fonnation 
of anunonium ions is measured by a cation 
electrode, 

5 EXAMPLE 2 

Pan A 
Electrodeposition of Enzyme 

A 0.0257% by weight dispersion of chymo- 
trypsin is prepared from enzyme material 
10 having an aaivity of 45 I.U./mg, based on 
bcnzoyltyrosine ether ester (BTEE) conver- 
sion. The pH of the aqueous dispersion is 
6.0. ^ 
Th electrodeposition cell is filled with 120 
15 ml of this dispersion and a porous alumina disc 
having an average pore diameter of 0.1 
microns and 20% porosity (i,e., free volume) 
which has been prepared as in Part A of Ex- 
ample 1, is mounted in the cell as described 
20 above with electrode 13 being conneaed as 
the cathode. 

A p.C voltage is applied to initiate elearo- 
deposition and a current of 6 mA is observed. 
Thtx conditions are maintained for 15 
.25 minutes to form the biologically actiye com- 
posite membrane. 

Part B 

Use of Electrodeposited Membrane 
The activity of the membrane prepared in 

30 Part A is assayed in the pressure cell as in 
Example 1 using a BTEE solution at pH 5 
as described by B. C Hununel in Volume 37 
of the Canadian Journal of Biochem. Physiol, 
at page 1393 (1959). 

35 The pressure applied to the reaction cell is 
varied from 200 up to 1000 psi to provide 
several different flow rates to use in the cal- 
culation of enzyme activity. The increase in 
optical density at 256 nm is used to monitor 

40 the formation of reaction produa. 

This analysis gives an activity of 0.1 I.U. 
of diymotrypsin for the biologically aaive 
composite membrane. The membrane is stored 
for 3 weeks in the same buffer solution as 

45 used in the assay. The activity is then 
measured again and found to be 30% of the 
original value (i.e., 0.03 I.U. of chymo- 
trypsin). No further decrease in activity is 
obsenred after an additional three-week stor- 

50 age. 

EXAMPLE 3 
A 0.01% by weight aqueous dispersion of 
chymotrypsin is prepared as in Example 2 
and the pH adjusted to 7.2 with phosphate 

55 buffer having a pH of 8. The electrodeposition 
cell is filled' with 120 ml of this dispersion and 
a porous alumina disc, which has been pre- 
pared as in Part A of Example 1, having an 
average pore diameter of 0.09 micron and 

60 porosity of 21% is used as in Example 1. Six 
milliamps of current flow for 30 minutes with 
the electrode 13 being connected to the cathode 
to form the biologically active membrane. 



When assayed as in Example 2, the mem- 
brane is found to have an activity of 0.029 65 
I.U. After storing one week in the buffer solu- 
tion used for the assay, the disc is leassayed 
under the same conditions. The activity had 
decreased to 50% of its original value. 

EXAMPLE 4 70 

An aqueous 0.01% by weight chymotrypsin 
dispersion is prepared as in Example 2. The 
pH is adjusted to 6.3 with a 0.08 THAM 
I tris (hydroxymethyl)aminomeihane ] buffer 
solution (pH 7.8) containing O.IM calcium 75 
chloride. 

The porous alumina disc employed as the 
matrix which has been prepared as in Part A 
of Example 1 has an average pore diameter 
of 0.08 microns and a porosity of 20%. TTie 80 
electrodeposition is carried out at a current of 
six milliamps for 15 minutes with the elec- 
trode arrangement as in Example 1 to form 
the b]ologi<^ly active composite membrane. 

The initial activity of the membrane is too 85 
great to be measured with BTEE substrate as 
in Example 2. The activity is too high to be 
obtained after one week. 

An alternate si^strate, N-benzoyl-L- 
histidine methyl ester, is employed three weeks 90 
after preparation. This is a "poorer" substrate 
for chymotrypsin; that is, chymotrypsin does 
not convert this substrate to product as easily 
as it does BTEE. The activity of chymottypsin 
with respect to N-bcnzoyl-L-histidine methyl 95 
ester is determined as described above by 
measuring the varying rates of flow of this 
substrate solution through a pressure cell and 
monitoring the corresponding changes in opti- 
cal density of the solution at 270 nm. An 100 
activity is calculated to be the equivalent of 
90 I.U. of BTEE. Five weeks after prepara- 
tion the membrane is assayed again with BTEE 
and found to have an activity of 0.17 I.U. 
This activity of 0.17 I.U. is detem:iined from 105 
the following data. 



AC in 
micromoles/litcr 

2.85 
2.01 
1.5b 
1.24 



Q in 
liter/minute 
0.30x10'* 
0.65 « 
0.95 „ 
1.20 . 



1/Q 

33.33 
15.39 
10.53 
8.33 



110 



As a control, an alumina disc with average 
poor size of 0.15 /i is placed in the above 
0.01% chymotrypsin dispersion for one-half H5 
hour. After adsorption for one-half hour the 
disc is washed thoroughly with the THAM 

buffer mentioned above and stored at 2 5®C. 

The activity, as measured in the same way as 
described for the chymotrypsin membranes 
prepared by elearodeposition, is the equivalent 
of 0.01 I.U. of soluble chymotrypsin with re- 
spect BTEE. Nine days after preparation no 
aaivity could be deteacd on the disc 
The enhanced aaivity of the membrane to- 225 
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ward BTEE in this example as compared to 
Examples 2 and 3 must be attributable to tbe 
presence of calcium i<m in the enzyme 
(chymotrypsin) solution used for Example 4. 

5 Similar beneficial effects of caldum ion have 
been noted for conversion of BTEE in solu- 
tion phase with the enzyme chymotrypsin by 
S. P. Colowich and N. O. Caplan as reported 
in Methods in Enzymology Volume II, pages 

10 8—26, Academic Press, Inc., New York, N.Y. 



EXAMPLE 5 
An aqueous 0.001 % by weight chymotrypsin 
dispersion is prepared as in Example 2. The 
15 pH is adjusted to 6.4 with a THAM buffer 
soluuon containing 0.1 M calcium chloride. 

The porous alumina disc used as the matrix, 
which has been prepared as in part A of 
Example 1, has an average pore diameter of 
20 0.10 micron and a porosity of about 30%. 
The electrodeposition is carried out at a cur- 
rent of 6 milliamps for 30 minutes with elec- 
trode 13 negatively charged. 

The activity of the immobilized enzyme is 
25 assayed with BTEE as described in Example 
2, The initial activity for the disc is 0.02 
I.U. This activity remained constant for 3 
months. 

EXAMPLE 6 

30 Part A 

A 6.67 X 10-^% by weight xanthine oxidase 
dispersion is prepared by dissolving the enzyme 
(activity 0.5 I.U./mg) in distilled water con- 
taining sodium salicylate (9xlO-*M). The 

35 pH is 8.1. ^ 

The porous alumina disc used as the matrix 
has an average pore diameter of 0.11 microns 
and a porosity of about 25%. The electrode- 
position is carried out as in Example 2 with 

40 electrode 13 being the cathode with a current 
flow of 6 milliamps for 30 minutes to form the 
biologically aaive composite membrane. 

The initial activity of the membrane is 
determined as described above. A l.Ox lO^M 

45 xanthine siAstrate solution is prepared in a 
buffer system of O.IM pyrophosphate and 
3 X lO^M ethylenediamine tetracedc add. The 
pH of the enzyine dispersion is 8.3. The con- 
version of xanthine to a reaction mixture con- 

50 taining allantoin, urea, uric acid, and CO, is 
measured from optical density changes at 295 
xim as a function of die decrease in concentra- 
tion of xanthine. The initial activity of the 
membrane is 2.8 X 10"^ LU. After storing the 

55 membrane for 6 weeks in the buffer solution 
used for the assay the disc is slightly more 
active (3.3x10-^ LU.). 

Part B 

The !ame xanthine oxidase dispersion des- 
60 cribed in Part A of Example 6 is used as the 
clertrodeposition bath. The porous alumina 
disc used as the matrix has an average pore 



diameter of 0.15 micron and a free volume of 
31%. The same electrodeposition method is 
employed except that electrode 13 made the 65 
anode. A current of 6 milliamps is allowed to 
flow for 30 minutes to form the biologically 
active composite mem'brane. 

The membrane is assayed as in Part A of 
Example 6 and found to have activity of 70 
8 X 10-' I.U. After 6 weeks of storage, the 
aaivity of the membrane is 3x 10"^ LU, 

The foregoing examples illustrate how to 
carry out electrodeposition with both cathodic 
and anodic deposition when the isoelectric 75 
point of the en2yme is unknown. The specific 
results in Part A and Part B indicate that at 
pH 8.1 the xanthine oxidase has more of a 
tendency to migrate to the anode. 

EXAMPLE 7 80 
Pan A 

A histidase dispersion is prepared by first 
dissolving . histidase enzyme (activity 4.8 
l.U./mg) in 10 ml of distilled water and 
centrifuging at 1000 g (gravity forces) for 5 85 
minutes. Next, the supernatant is added to 5 
ml of a O.IM solution of 2-amino-2-mediyI- 
M-propanediol (AMPD) and L5 ml of a 
O.OIM solution of dithioerythritol. This com- 
bined solution at pH 9.2 is diluted to a total 90 
volunme of 150 ml to give a 6.67 X 10"^% by 
weight histadase solution which is 3.3x 10-^M 
in AMPD and 1.0 X lO-'M in dithioerythritol. 

A porous alumina disc used as the matrix 
has an average pore diameter of about 0.12 95 
microns and a porosity of 30%. Electrode- 
position is carried out as in Example 2 with 
a current flow of 6 milliamps for 30 minutes 
and the electrode 13 being the anode to form 
the biologically aaive composite membrane. 100 

The activity of the membrane is assayed as 
in Example 3 using a substrate solution of 
4X10^M histidine in O.OIM AMPD and 
1.0xlO-*M dithioerythritol. The pH of the 
solution is 9.2. The aaivity of the membrane 105 
four days after preparation, is 2.2 LU., while 
three weeks later the activity was 5.5x10-* 
LU. Between measurements the membranes 
are stored in the same buffer solution used for 
the assay. hq 

Part B 

A secwid elearodeposition and assay of 
histidine is carried out as in. Pan A except 
that electrode 13 is the cathode. No enzymatic 
activity could be detcaed on the membrane. 115 
Thus, at pH 9.2 the enzyme histidase 
apparendy carries a negative charge and 
migrates toward the anode. 

EXAMPLE 8 

Part A 120 
An approximately 0.001% by wei^t 
aqueous urease (25 I.U./mg) dispersion is 
prepared by dissolving inease enzymt in dis- 
tilled water, the pH of which had been ad- 
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justed to 6.9 with O.OIM triethanolammc. The 
porous alumina disc used as the matrix has an 
average pore diameter of 0.12 micron and a 
porosity of about 30%. The electrodcposition 
5 procedure is carried out as in Example 2 with 
a current of 4 miJliamps for 45 minutes, 
ElecQ-ode 13 is connected as the cathode in 
forming the biologically active composite 
membrane. 

10 The activity of the membrane is measured 
at pH 67 using a substrate solution of 0.05M 
urea which was 0.01 molar in triethanolamine. 
The conversion of urea to ammom'a is followed 
by the use of an ammonium ion specific clcc- 
15 trode, the treatment of the data being tiie 
same as in Example 2. The first activity 
measurements are made 3 days after the clec- 
trodeposition experiment. Initial urease 
activity for the membrane is 0.38 I.U. After 
20 storing one month in O.OIM triethanolamine 
the membrane is reassaj^ed and the activity is 
observed to have decreased to 0.09 I.U. Seven 
weeks after preparation an activity of 0.05 
I.U. is measured. 
25 Part B 

The enzyme solution is prepared as in Ex- 
ample 8, Part A, and the electrodeposirion also 
carried out in the same manner as described 
therein with the exception that the elearode 13 
30 is connected as the anode. 

Assay of the membrane with the same sub- 
strate solution and procedure as in Part A 
gives a value of 4.9 I.U, of urease. After stor- 
ing for five weeks in O.OIM triethanolamine, 
35 the disc is reassayed and shown to have an 
activity of 0.12 I.U, 

The large difference in activity for the 
freshly prepared membranes in Part A and 
Pan B is readily explained by the fact that 
40 at pH 6.9 the urease (isoelectric point 5.1) is 
negatively charged. The electrode 13 in Part 
A is negatively charged, the same as the 
enzyme, while the electrode 13 in Part B is 
positively or oppositely charged to the enzyme. 

45 WHAT WE CLAIM IS: — 

1. A process for depositing and immobiliz- 
ing an enzyme on an inert, inorganic, porous, 
sorptive, dimensionally stable, fluid permeable, 
supporting matrix, said processing comprising; 

50 immersing a pair of electrodes comprising 
an anode and a cathode in an aqueous disper- 
sion (as defined herein) of said enzyme to 
define a path for electrical communication 
through said dispersion between said clec- 

55 trades, adjusting the pH of the division 
away from the isoelectric point, 
interposing- said matrix in said path, 
estaWishing a DC potential gradient be- 
tween said electrodes, said gradient being of 

^ a ma^itude sufiident to induce electrolytic 
migration of enzyme towards one of said clec- 
trodesj 

intercepting the migrating enzyme on said 
matrix, and 



maintaining said potential gradient for a 65 
time sufficient to electrolytically deposit and 
immobilize said enzyme on said matrix to fonn 
a biologically active composite membrane. 

2. A process as claimed in claim 1 wberem 
said biologically active -composite membrane 70 
has a biological activity of at least 0.001 Inter- 
national Units per cubic centimeter of mem- 
brane. 

3. A process as claimed in claim 1 or 2 
wherein said enzyme is a hydrolytic enzyme. 75 

4. A process as claimed in claim 3 wherein 
said hydrolytic enzyme is selected from proteo- 
lytic enzymes, caibohydrases, esterases, alka- 
line phosphatases, add phosphatase^ nucleases 

and amidases. gO 

5. A process as claimed in claim 4 wherein 
said enzyme is selected from papain, ficin, 
pepsin, trypsin, chymotrypsin, bromelin, 
keratinase, cellulase, amylase, maltase^ 
pectinase, chitanase, lipase, cholinesterase, 85 
ledthinase, ribonuclease, desoxyribonuclease, 

' arginase asparaginase, glutaminase, histidase 
and urease. 

6. A process as claimed in claim 1 or 2 
wherein said enzyme is a redox enzyme. 90 

7. A process as claimed in claim 6 wherein 
said redox enzyme is seleaed from glucose 
oxidase, xanthine oxidase, catalase, peroxidase, 
lipoxidase and cytochrome reductase. 

8. A process as claimed in claim 1 or 2 95 
wherein said enzyme is a transferas e enzyme. 

9. A process as claimed in claim 8 where- 
in said transferase enzyme is selected from 
glutamicpynivic transanunase, glutamic-oxal- 
acetic transaminase, transmethylase and phos- 100 
phopynivic transphosphorylase. 

10. A process as claimed in any one of the 
preceding claims wherein a combination of at 
least two enzymes is used. 

11. A process as claimed in any one of the 105 
preceding claims wherein said matrix has a 
volume porosity in the range of 10% to 80%. 

12. A process as claimed in claim 11 where- 
in said matrix has a volume porosity in the 
range of 15% to 50%. no 

13. A process as claimed in any one of the 
preceding claims wherein said matrix has an 
average pore diameter in the range of 0.01 to 
10 microns. 

14. A process as claimed in claim 13 \Hiere- 115 
in said matrix has an average pore diameter 

in the range of 0.01 to 2 microns. 

15. A process as claimed in any one of the 
preceding claims wherein said matrix has been 
formed by compacting and sintering a lefrac- 120 
tory oxide powder. 

16. A process as claimed in claim 15 where- 
in said refractory oxide powder is selected 
from alumina powder, zirconia powder, mag- 
nesia powder, sih'ca powder, thoria powder, 125 
glass powder, powdered clay and powdered 
talc. 

17. A process as claimed in claim 16 where- 
in said refractory oxide powder is alumina. 
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18. A process as claimed in any <Mie of 
claims 1 to 14 wherein said matrix is made 
of a porous metal. 

19. A process as claimed in claim 18 where- 
5 in said porous metal is porous silver or porous 

stainless steel. 

20. A process as claimed in any one of the 
preceding claims wherein said matrix is in 
the form of a rod, cylinder, disc, plate, bar 

10 or blodc. 

21. A process as claimed in any one of the 
preceding claims wherein said aqueous disper- 
sion of enzyme contains said enzj-me in the 
proportion of 1x10"^% to 10% by weight 

15 of said dispersion. 

22. A process according to claim 1 for de- 
positing and inmiobilizing an enzyme in an 
inert, inorganic, porous, sorptive, dimension- 



ally stable, fluid permeable, supponing matrix 
substantially as hereinbefore described with 
reference to the accompanying drawing. 

23, A process according to claim 1 for de- 
positing and immobilizing an enzyme on an 
inert, inorganic, porous, sorptive, dimension- 
ally stable, fluid permeable, supporting matrix 
substantially as hereinbefore described with 
reference to any one of the foregoing examples, 

24. A membrane formed by a process as 
claimed in any one of the preceding claims. 

W. P. THOMPSON & CO., 
Coopers Buildings, 
12, Church Street, 
Liverpool, LI 3AB, 
Chartered Patent Agents. 
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